A quantitative analysis is presented for the electron-spin-resonance spectra of five new defects, which are produced in NaC1:PbC12 samples by an x irradiation at 77 K and eventual thermal anneal to higher temperatures.
I. INTRODUCTION
Spectroscopic techniques such as optical absorption, luminescence excitation transfer, Raman scattering, ionic thermocurrent, and electron spin resonance (ESR) are widely used to monitor the aggregation and precipitation of divalent ion-cation vacancy (IV) dipoles in alkali halides. ' Many of these studies have been performed on crystals doped with the paramagnetic Mn + (Refs. 2 -4) and the diamagnetic Pb + (Refs. 5 -8) ions. The aggregation of impurities which are not optically visible, such as Ca +, Sr +, and Cd +, is often investigated by incorporating Pb + ions as a second impurity in the crystals. ' Those spectroscopic results lead to a detailed description of two possible clustering mechanisms:
either aggregation from trimers to pentamers, heptamers, etc. by adding each time one dimer, or precipitation to a Suzuki phase, the structure of which can be observed in x-ray difT'raction. ' Some years ago a comparative study on lead-doped KC1 and NaCl crystals was undertaken ' '" in order to determine the kind of clustering in these samples. In the former, clusters consisting of trimers, pentamers, etc. are produced during the first stages of' the aggregation mechanism and finally PbC12 precipitates are formed. In the latter only Suzuki phase precipitates develop after hightemperature (above 440 K) aging experiments. Moreover, it is demonstrated that the aggregation in NaC1 proceeds considerably faster than in KC1. In the present paper this behavior is indirectly confirmed by comparing the results of an ESR study on NaC1:PbClz crystals with those of KC1:PbC12 and RbC1:PbClq crystals, discussed earlier. ' Optical absorption of the primary trapped electron Pb+(0) center has also been observed in quenched and xirradiated NaC1:PbC12 crystals. ' Our ESR results on such samples, however, mainly show the presence of defects consisting essentially of an electron trapped by a dimer of Pb + ions. Consequently, these centers will be called "Pbq + centers. " Similar (110) (usual notation):
with S= -, ' and I =0, 1, and in which the g values of Table   I 
The A ' value can now be determined from the experimentally measured A value on condition that the contribution of the exchange polarization, A', is known. The latter is estimated from the A value of the Pb+(Cl, ) defect, for which the surrounding crystal field is believed to be essentially even and, consequently, little or no A' contribution is mixed into A . So if we assume that no delocalization occurs for the Pb+ defects, we find I (r ), = -97 mT .
The A' value is now given as A -Pg(pl/I)(r ), and results in A' =+40 mT for the Pb+"' defect in KC1, and A' =+37 mT for the Pbq +(III) defect in NaC1.
The values of the other Pb+(1) and Pbq + defects are slightly different, reflecting the influence of the different crystalline environments.
It demonstrates that for both kinds of defects s mixing influences the isotropic part of the hyperfine interaction. For the Pb+(1) defects it originates from the odd component of the surrounding crystal field due to the presence of an anion vacancy along the [001] crystallographic axis. For the Pb2'+ center it results from the molecular bond. TABLE IV. The anisotropic part, p"and the isotropic part, of the hyperfine interaction are compared for some Pbassociated defects {in units of mT). The estimated accuracy is 1 mT.
III. PRODUCTION PROPERTIES
A. Inhuence of quenching on the production As mentioned in the Introduction, IV dipoles in alkali halides tend to form aggregates and precipitates. These clusters can however be dissolved in the lattice by heating the crystals to temperatures near the melting point. The dissolved dipoles will be frozen in by quenching the samples as fast as possible to low temperatures, e.g. , LNT.
The NaC1:PbClz crystals were handled in this way before the production of the Pbz + dimer centers by x irradiation. The influence of the annealing temperature and the rate of the quenching on the intensity of the ESR lines was studied for equal doses of x irradiation at LNT.
No difference in the concentration of the Pb2 + centers is observed for samples which are annealed to temperatures between 770 and 920 K, on the condition that they are quenched at the same rate. An intensity decrease of about a factor of 2, however, results from cooling an annealed sample down to LNT within 20 min instead of within 2 min. Moreover, x-irradiating for 1 h a sample that was kept at RT for several months does not produce a detectable concentration of Pb2 + centers. This suggests that they are produced from a dimer of IV dipoles, occurring during the first stage of the aggregation mechanism in NaC1:PbC12 crystals.
B. Production by x irradiation at LNT as a function of time
The intensity of the Pb2 +(II) defect in a quenched NaC1:PbClq sample is given in Fig. 5 Fig. 7(a) ]. Such a mechanism, however, is impossible from dimers or trimers, constructed from NNN IV dipoles, since two Pb + ions never can reach next-neighboring positions by only interchanging their position with a cation vacancy [Fig. 7(b) ]. this diff'erence was already formulated more generally in Ref. 9. There, it is suggested that mainly NN IV dipoles tend to form aggregates starting from a trimer to which dimers are added. In the last stage of the clustering process, they ultimately precipitate by a total rearrangement of the IV dipoles. The NNN dipoles, on the contrary, for dimers in which the impurity ions are separated by more than two lattice sites and these dimers directly precipitate to the Suzuki phase, already extensively examined in KC1:PbClz crystals. This behavior is also found in a theoretical calculation on the relative stability of various cluster configurations for diferent kinds of IV dipoles.
Unfortunately, this work does not include the results for leaddoped alkali halides, but the tendency, reported from experiments on those crystals, is in agreement with the results obtained for other divalent ions.
